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Abstract – The cytogenetics of Acanthocephala is a neglected area in the study of this group of endoparasites.
Chromosome number and/or karyotypes are known for only 12 of the 1,270 described species, and molecular cytoge-
netic data are limited to rDNA mapping in two species. The standard karyological technique and mapping of 18S rRNA
and H3 histone genes on the chromosomes of Acanthocephalus anguillae individuals from three populations, one of
which originated from the unfavorable environmental conditions of the Zemplínska Šírava reservoir in eastern
Slovakia, were applied for the first time. All specimens had 2n = 7/8 (male/female); n = 1m + 1m-sm + 1a + 1a
(X). Fluorescence in situ hybridization (FISH) revealed three loci of 18S rDNA on two autosomes and dispersion
of H3 histone genes on all autosomes and the X chromosome. In addition to the standard A chromosome set, 34%
of specimens from Zemplínska Šírava possessed a small acrocentric B chromosome, which was always found to be
univalent, with no pairing observed between the B chromosome and the A complement. The B chromosome had a
small amount of heterochromatin in the centromeric and telomeric regions of the chromosomal arms and showed
two clusters of H3 genes. It is well known that an environment permanently polluted with chemicals leads to an
increased incidence of chromosomal rearrangements. As a possible scenario for the B chromosome origin, we propose
chromosomal breaks due to the mutagenic effect of pollutants in the aquatic environment. The results are discussed in
comparison with previous chromosome data from Echinorhynchida species.
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Résumé – Analyse chromosomique et présence de chromosomes B chez le parasite de poisson Acanthocephalus
anguillae (Palaeacanthocephala, Echinorhynchida). La cytogénétique des Acanthocephala est un domaine négligé
dans l’étude de ce groupe d’endoparasites. Le nombre de chromosomes et/ou les caryotypes ne sont connus que pour
12 des 1270 espèces décrites, et les données cytogénétiques moléculaires se limitent à la cartographie de l’ADNr chez
deux espèces. La technique caryologique standard et la cartographie des gènes de l’ARNr 18S et de l’histone H3 ont été
appliquées pour la première fois sur les chromosomes d’individus d’Acanthocephalus anguillae provenant de trois
populations, dont l’une dans les conditions environnementales défavorables du réservoir de Zemplínska Šírava dans
l’est de la Slovaquie. Tous les spécimens avaient 2n = 7/8 (mâle/femelle); n = 1m + 1m-sm + 1a + 1a (X). La
technique FISH a révélé trois locus d’ADNr 18S sur deux autosomes et une dispersion des gènes de l’histone
H3 sur tous les autosomes et sur le chromosome X. En plus de l’ensemble standard de chromosomes A, 34 % des
spécimens de Zemplínska Šírava possédaient un petit chromosome B acrocentrique, qui s’est toujours révélé
univalent, sans aucun appariement observé entre le chromosome B et le complément A. Le chromosome B avait
une petite quantité d’hétérochromatine dans les régions centromériques et télomériques des bras chromosomiques et
présentait deux groupes de gènes H3. Il est bien connu qu’un environnement pollué en permanence par des
produits chimiques entraîne une incidence accrue de réarrangements chromosomiques. Comme scénario possible
pour l’origine du chromosome B, nous proposons des cassures chromosomiques dues à l’effet mutagène des
polluants du milieu aquatique. Les résultats sont discutés en comparaison avec les données chromosomiques
précédentes des espèces d’Echinorhynchida.

Edited by Jean-Lou Justine
*Corresponding author: orosm@saske.sk

Parasite 30, 44 (2023)
�M. Orosová et al., published by EDP Sciences, 2023
https://doi.org/10.1051/parasite/2023045

Available online at:
www.parasite-journal.org

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

OPEN ACCESSRESEARCH ARTICLE

https://orcid.org/0000-0001-8934-9126
https://orcid.org/0000-0001-8934-9126
https://orcid.org/0000-0001-8934-9126
https://orcid.org/0000-0002-0824-2026
https://orcid.org/0000-0002-0824-2026
https://orcid.org/0000-0002-0824-2026
https://orcid.org/0000-0001-8482-9614
https://orcid.org/0000-0001-8482-9614
https://orcid.org/0000-0001-8482-9614
https://orcid.org/0000-0002-6745-5603
https://orcid.org/0000-0002-6745-5603
https://orcid.org/0000-0002-6745-5603
https://orcid.org/0000-0002-0518-5708
https://orcid.org/0000-0002-0518-5708
https://orcid.org/0000-0002-0518-5708
https://www.edpsciences.org/
https://doi.org/10.1051/parasite/2023045
https://www.parasite-journal.org/
https://www.parasite-journal.org/
https://creativecommons.org/licenses/by/4.0/


Introduction

Acanthocephala are a small group of gonochoric intestinal
endoparasites in vertebrates with worldwide distribution. The
phylum includes about 1,270 extant species with diverse life
cycles involving arthropods as intermediate hosts and verte-
brates as definitive hosts [54]. They are classified into four
classes based on morphological characteristics [1, 34], but the
validity of the fourth class, Polyacanthocephala, is being ques-
tioned based on recent molecular data [82]. Currently, despite
the growing number of molecular phylogenies and the inclusion
of new molecular markers in combination with morphological
data, phylogenetic relationships at the family and genus levels
remain unresolved and many questions remain unanswered
[22, 23, 28]. Chromosomes represent important morphological
units of the genome, and their characterization can be useful in
phylogenetic reconstructions [16] and in understanding evolu-
tionary patterns in organisms (e.g., [60, 71, 78, 79]). In addi-
tion, karyotypes can easily be used to reinforce proposed
taxonomic changes. There are some good examples in other
parasite groups such as trematodes [50, 65] and cestodes, e.g.
the split of the genus Pseudoglaridacris from the original genus
Glaridacris (different 2n) [46] or the proposed taxonomic
assignment based on the obvious differences in the gross chro-
mosome morphology of Schistocephalus solidus and Ligula
intestinalis compared to other studied representatives of their
families, which was discussed a decade earlier than it was
accepted [49]. However, very little is known about the chromo-
some architecture of acanthocephalans. To date, only 15 studies
have addressed this topic, with 12 species examined. Most of
what we know about the “chromosome evolution” of Acantho-
cephala comes from classical cytogenetics. Our knowledge is
limited almost exclusively to descriptions of diploid chromo-
some number, in some cases with chromosome morphology,
and the sex chromosome system [3, 5, 6, 19, 20, 24, 29, 30,
41, 42, 47, 61, 62, 68, 76]. Some of these data were obtained
more than 60 years ago from histological sections only and
need to be revised. Molecular cytogenetic approaches using
fluorescence in situ hybridization (FISH) have opened up the
possibility to localize specific DNA sequences or DNA frag-
ments on chromosomes and to identify chromosomal regions
and individual chromosomes, providing detailed information
on the structure of genomes and contributing to a deeper under-
standing of chromosome evolution [9, 37]. Among the other
parasite groups where this technique has been used to analyze
the chromosomal location of various markers suitable for com-
parative cytogenetic studies, trematodes have been the best
studied [26, 27, 58, 81], followed by several cestode species
(see Ref. [46]) and monogeneans [14]. However, in Acantho-
cephala, FISH was only applied to Pomphorhynchus spp.
where the species-specific location of rDNA loci confirmed
the validity of the two sibling species, P. laevis and P. tereticol-
lis [3]. Using FISH, the specific telomeric repeat motifs were
assigned to the telomeres (chromosome ends) of many inverte-
brate and vertebrate species [73]. For example, the most wide-
spread telomeric repeat is the hexanucleotide TTAGGG motif,
which is considered to be the ancestral telomeric DNA
sequence for all metazoans, including the Platyhelminthes
(Cestoda, Monogenea, and Trematoda) [4, 45]. However, FISH

with telomeric probes, confirmed by Southern hybridization
results, failed to identify the composition of chromosome ends
in Pomphorhynchus spp. [4], suggesting either an as yet
unknown telomeric motif or loss of telomeric repeats and
replacement by other mechanisms of telomere maintenance.

In this study, we examined the karyotype characteristics of
Acanthocephalus anguillae (Müller, 1780) from three popula-
tions from Slovakia, originating from sites with varying degrees
of environmental pollution. Acanthocephalus anguillae is a
common intestinal parasite of freshwater, brackish water and
marine fish and the type species of the genus Acanthocephalus
(Koelreuther, 1771). It belongs to the family Echinorhynchidae,
for which published karyological data are available to date for
only four of 127 valid taxa in the family (Supplementary
Table S1). However, no cytogenetic study has yet been
performed for A. anguillae. Our study was primarily aimed at
determining the basic karyotype and discovering useful markers
for individual chromosomes by using different staining
methods and mapping multigene families (18S rDNA and H3
histone genes), which will allow future comparative studies.
Since one of our sampling sites, the Zemplínska Šírava reser-
voir is considered one of the most contaminated with polychlo-
rinated biphenyls (PCBs) in Europe due to long-term pollution
from a nearby chemical plant [67], we also investigated whether
there is a possible link between the polluted environment and
chromosomal differences.

Materials and methods

Ethics

The chub (Squalius cephalus) specimens were caught by
electrofishing and fishing rod at three sites in March, April,
and September 2022 under a permit issued by the Ministry of
Environment of the Slovak Republic (No. 47/2022). The animal
study was reviewed and approved by the Ethics Committee of
the Institute of Parasitology of the Slovak Academy of Sciences
(Hlinkova 3, Košice, 04001, Slovakia), which also approved the
implementation of the project under approval No. 1/2020/PaU.
All methods used in this study were carried out in accordance
with the relevant guidelines and regulations (Decree of the
Ministry of the Slovak Republic No. 381/2018 Coll. and Act
No. 216/2018 Coll. about fishing), and we confirm that
all methods are reported in accordance with the ARRIVE
guidelines [52].

Study area and fish

The sites studied differed in the degree of environmental
contamination. The first two sites, the Hnilec River (HN)
(48�52016.000 N 20�21052.100 E) and the Olšava River (OL)
(48�41043.800 N 21�24047.700 E), are considered clean, while
the third, the Zemplínska Šírava (ZŠ) reservoir (48�47009.000 N
21�57020.500 E), is heavily polluted with PCBs [67]. A total of
151 chub (Squalius cephalus) were caught: 77 specimens from
ZŠ, 34 specimens from HN and 40 specimens from OL. A total
of 51 worms of Acanthocephalus anguillae were collected from
fish – 36 worms from ZŠ, nine worms fromHN and eight worms
from OL. The prevalence and intensity of A. anguillae infection
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were 12.99% and 3.6 (1–6) in ZŠ, 18.92% and 1.29 (1–4) in HN,
and 15% and 1.33 (1–2) in OL. Fish were either dissected on
site or transported to the laboratory and examined the same or
next day after collection. Individual parasites were rinsed in
0.9% saline immediately after isolation from the intestine of
the fish host and identified microscopically by counting the
hooks and hook rows and by the shape of the proboscis hook
roots [38]. We found a proboscis with 10 longitudinal rows of
hooks of 5–7 in each. At the same time, the isolated worms were
fixed in 100% ethanol for molecular biology, and three selected
specimens were reconfirmed by molecular methods (i.e.,
sequencing of the 18S rDNA fragment; the sequence was depos-
ited in GenBank under accession number OR518297).

Karyotype analysis

For karyological analysis, whole live animals were placed in
a 0.025% colchicine solution for 1 h at room temperature (RT).
Subsequently, 0.075 M KCl was used for hypotonic treatment.
Whole intact females were treated for 4–5 h; in males, the testes
were isolated and only these were incubated for 20 min at RT.
Fixation was performed in two changes (30 min and 15 min)
in a freshly mixed modified Carnoy’s fixative (methanol/acetic
acid = 3:1) and stored at –20 �C until further use. Fragments
of testes or ovarian balls were macerated in 60% acetic acid
and chromosome slides were prepared using the “hot plate”
spreading technique [44]. The slides were stained with 5%
Giemsa solution (pH 6.8) for 30 min and rinsed twice with dis-
tilled water. Chromosome lengths were determined from digital
images (taken at 100�magnification) of 10 well-spread mitotic
metaphases in males from all three sites, because the mitotically
dividing oogonial metaphases were not good enough for
measurement. Absolute length, relative length, and centromeric
index were calculated as described in detail previously [46]. The
mean and standard deviation of the length of individual chromo-
some pairs and their arms were calculated using Microsoft
Excel. Karyotypes were organized by placing chromosome pairs
in order of decreasing size. Chromosomes were classified as
metacentric, submetacentric, and acrocentric according to the
revised and simplified nomenclature of Levan et al. [36], which
is based on the four-type system [17] and facilitates the defini-
tion of chromosomes and comparison of basic chromosome
morphology. The comparison of the relative lengths of the cor-
responding chromosomes was tested for multiple dependent
variables with a nonparametric Friedman’s ANOVA using
Excel (Microsoft Office 2007) and the STATISTICA v.12.0
software package (StatSoft, Inc. 2013).

Chromomycin A3 (CMA3) and DAPI staining

We performed two-color staining of chromosomes with the
CMA3 and DAPI dyes to identify C + G-rich and A + T-rich
regions on chromosomes, respectively; either sequentially or
in separate experiments [56]. A stock solution of CMA3

(1 mg/mL) was prepared by dissolving in milliQ water for five
days at 4 �C in the dark. The entire staining procedure took place
in the dark. Slides, previously treated with an ethanol series
(70, 80, and 100%, 1 min each), were incubated for 10 min in
the working solution (stock solution of CMA3: McIlvaine’s

buffer containing MgCl2; 1:1; pH = 7) at RT. Then, the slides
were either stained with CMA3/Methyl Green for 20 min in
the wet chamber or by sequential CMA3/DAPI banding with
CMA3 for 15 min, followed by washing steps (McIlvaine’s
buffer) and DAPI staining (0.5 lg/mL in PBS pH = 7.3, contain-
ing 1% Triton X-100) for 15 min. Finally, the edges of the slides
were sealed with nail polish and the slides were stored overnight
at 4 �C in the dark.

DNA extraction, PCR amplification and DNA
probe preparation and labeling

Total genomic DNA (gDNA) was extracted by the modified
cetyltrimethylammonium bromide (CTAB) method [25]. The
extracted gDNA served as a template for generating an 18S
rDNA probe by PCR using a pair of specific primers Acant18SF
(50–AGATTAAGCCATGCATGCGTAAG–30) and Acant18SR
(50–TGATCCTTCTGCAGGTTCACCTAC–30) [53] under the
following conditions: initial denaturation step at 95 �C for
3 min, followed by 30 cycles of denaturation at 94 �C for
1 min, annealing at 60 �C for 30 s, and extension at 72 �C
for 90 s, and a final extension at 72 �C for 10min. The 18S rDNA
fragment was purified by the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA) and labeled with either
biotin-16-dUTP or digoxigenin-11-dUTP (both Roche Diagnos-
tics, Mannheim, Germany) by an improved nick translation
procedure (for details see [25]). The reaction time was
55 min at 15 �C. To obtain a specific H3 histone probe for
A. anguillae, fragments of histone H3 genes were amplified using
degenerate primers H3aF (50–ATGGCTCGTACCAAGCAGAC
(ACG)GC–30) and H3aR (50–ATATCCTT(AG)GGCAT(AG)
AT(AG)GTG AC–30) [10] and gDNA of A. anguillae as
template. The product obtained by PCR was cloned by ligation
into the Promega pGem T-Easy vector (Promega), purified using
the NucleoSpinPlasmid kit (Macherey-Nagel, Düren, Germany),
sequenced (SEQme, Dobříš, Czech Republic), and confirmed as
a histone gene by BLAST search. The verified H3 histone
sequence was deposited in GenBank under the accession number
OR000720. A new specific pair of primers was designed for the
verified sequence using the Geneious Prime version 2021.1.1
software, AAH3F 50–ACTGTTGCGCTGAGGGAAAT–30 and
AAH3R 50–ACGACTCACATGCTTCCTGG–30. Using this
primer set, a 160-bp-long H3 sequence was amplified by
PCR under the following conditions: initial denaturation step
at 95 �C for 3 min, followed by 30 cycles of denaturation at
94 �C for 15 s, annealing at 59 �C for 30 s, and extension at
72 �C for 60 s, and a final extension at 72 �C for 10 min. The
H3 fragments were purified using the Wizard SV Gel and PCR
Clean-Up System and used as template DNA to prepare labeled
probes by PCR with biotin-16-dUTP. The labeled probes were
checked on a 1% agarose gel in TAE buffer.

Fluorescence in situ hybridization (FISH)

The one- and two-color FISH experiments were performed
according to the protocol previously used for cestode species
[45], with some modifications according to the improved proto-
col [9]. Chromosome slides were removed from the freezer,
dehydrated in graded ethanol series, and air-dried. The slides
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were pretreated with 100 lg/mL RNase A for 1 h at 37 �C in a
humid chamber to remove RNA, washed twice in 2 � SSC
(saline-sodium citrate) for 5 min each at RT, and then blocked
in 5� Denhardt’s solution for 30 min at 37 �C. In the next step,
chromosomal DNA on the slides was denatured in 70%
formamide for 3.5 min at 68 �C. The hybridization mixture
for each slide (10 lL: 50% deionized formamide, 10% dextran
sulfate, 2 � SSC) contained � 35 ng of biotinylated or DIG-
labeled 18S rDNA probe or � 50 ng of biotinylated H3
histone probe and 25 lg of sonicated salmon sperm DNA
(Sigma-Aldrich, St. Louis,MO, USA). The probe was denatured
at 90 �C for 5 min in a water bath, dropped onto the slides, which
were sealed and hybridized overnight at 37 �C in a humid
chamber. FISH experiments were performed as a one-color
FISH in the HN (18S rDNA, H3) and OL (18S rDNA)
populations and as a two-color FISH (18S rDNA/H3) in
the ZŠ population. The first wash after hybridization was per-
formed five times with 2 � SSC for 2 min at 46 �C, the next
wash was performed twice for 5 min with 0.1 � SSC at
62 �C, and the last wash was performed at RT in 4 � SSC with
0.1% Tween 20. Biotinylated probes were detected with
Cy3-conjugated streptavidin (Jackson ImmunoRes Labs. Inc.,
West Grove, PA, USA) and amplified with biotinylated
anti-streptavidin (Vector Labs. Inc., Burlingame, CA, USA),
which was in turn detected with Cy3-conjugated streptavidin.
DIG-labeled probes were detected with anti-digoxigenin-FITC
(Sigma-Aldrich). Chromosomes were counterstained with DAPI
in ProLong Antifade Medium (Invitrogen, Carlsbad, CA, USA).

Microscopy and image processing

Stained slides were analyzed using a combined light and
fluorescence microscope LEICA DM 4000 B equipped with a
DFC 450 C digital camera. Fluorescence images were captured
in grayscale, pseudo-colored, merged, and brightness and
contrast were optimized using Adobe Photoshop, version 7.0.

Results

Karyotype and course of meiosis

Karyotype analysis of A. anguillae was performed on
249 well-spread oogonial and spermatogonial mitotic
metaphase plates (63 metaphases from ZŠ, 47#/16$; 108 from
OL, 83#/25$; 78 from HN, 61#/17$). The chromosome com-
plement of all populations consisted of three autosome pairs
and two X chromosomes in females or one X chromosome in
males. The representative mitotic metaphase images of themales
and the composite karyotypes of the three studied populations of
A. anguillae are shown in Figure 1. Autosomes in all three pop-
ulations gradually decrease in size, and their morphology is
identical; pair 1 is metacentric (m), pair 2 is meta-submetacentric
(m-sm), and pair 3 is acrocentric (a). The term meta-
submetacentric was used when the centromeric index reached
the threshold value for determining the type of chromosome
morphology. The karyotype formula was determined as
2n = 7/8; n = 1m + 1m-sm + 1a + 1a (X). Comparison of their
absolute length showed very similar values in populations HN
and OL, autosomes of population ZŠ were slightly longer.

The X chromosome is acrocentric in each population and the
sex chromosome system is X0 in males and XX in females.
In addition, all metaphase spreads of HN and OL specimens
examined had a distinct, long and lightly stained region of
uncondensed DNA on the long arms of the X chromosomes
(Figs. 1A and 1B), whereas this region was much less evident
or not observed at all in the metaphase spreads of ZŠ
(Figs. 1C and 1D). The chromosomes of the ZŠ population were
generally more difficult to evaluate compared to the chromo-
somes of the HN and OL populations, which is also clearly seen
in the representative mitotic metaphase images in Figure 1. Of
the 35 specimens examined from the ZŠ population, 12 (34%)
carried a small, supernumerary B chromosome. The presence
of the B chromosome was independent of sex and was always
one per cell (Fig. 1D), but was not present in all cells of each
specimen (intraindividual variation) (Fig. 1C). The B chromo-
some was smaller than the smallest chromosomes of the stan-
dard complement. Meiotic spermatocytes examined in the
testes showed the standard steps of cell division characteristic
of eukaryotic organisms in each population, and most specimens
yielded readily analyzable meiotic plates. The pachytene and
diplotene nuclei (Fig. 2) were sufficiently spread to allow count-
ing and accurate identification of individual bivalents and the X
chromosome univalent (Fig. 2, asterisks). At the diplotene stage,
early diplotene (Fig. 2C), and late diplotene/diakinesis (Figs. 2D
and 2H), the distribution of chiasmata in the three autosomal
bivalents was evident; the largest bivalent usually had two or
three chiasmata in all cells evaluated. The B chromosome was
detected not only in mitotic, but also in meiotic cells. Some
pachytene, but especially diplotene/diakinesis nuclei were
amenable to the analysis of the B chromosome presence
(Figs. 2G and 2H). During meiosis, the B chromosome was
always present as a univalent indicating that there is no associ-
ation or pairing with the A complement.

A summary of the absolute and relative lengths, cen-
tromeric indices, and classification of chromosome pairs
obtained after measuring ten Giemsa-stained metaphase plates
for each of the three populations is given in Table 1. There
were slight differences in the absolute length of individual
chromosome pairs among all three populations; overall,
chromosomes were longest in the population of ZŠ. Gross chro-
mosome morphology based on centromeric indices was consis-
tent. Comparative examination of the relative lengths of the
corresponding chromosomes revealed no significant differences
between the populations (p > 0.05).

Mapping of 18S rDNA and H3 genes

Chromosomal mapping revealed the presence of 18S rDNA
clusters at three loci in each population examined (Figs. 3 and 4).
In all cases, the FISH signals were located on the first two auto-
some pairs, one on pair No. 1 and two on pair No. 2. No signal
for 18S rDNA was observed on the B chromosome. On the
metacentric chromosome pair No. 1, the signals were always
located in the interstitial region on the long arm near the
centromere. The size and intensity of signals differed markedly
between the homologous chromosomes of pair No. 1 in the OL
population. The FISH signal was always stronger on one of the
homologous chromosomes than on the other, which was clearly
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visible during meiotic division (Figs. 3B, 3C, 3I, 3J, 3L). This
size heteromorphism was not observed in the HN (Fig. 3A)
and ZŠ (Fig. 4) populations. On the second chromosome pair,
two interstitial clusters of rDNA genes were detected near the
centromere on short and long arms. The same location of rDNA
clusters was observed in all three populations. The hybridization
signals were colocalized with a strong block of DAPI-high-
lighted heterochromatin in the HN and OL populations
(Fig. 3). The DAPI-positive A + T-rich heterochromatin blocks
were concentrated in the centromeric region of all chromo-
somes. In addition, the pericentromeric heterochromatin blocks
in chromosome No. 2 were extended to the long arms in the HN
and OL populations (Fig. 3). In the ZŠ population, the blocks of

DAPI-positive heterochromatin were also detected in the
centromeric region on all chromosomes (Fig. 4). A much less
bright but visible band was also detected on the B chromosome
(Figs. 4A and 4B). No other heterochromatin bands were visible
on the chromosomes of all three populations. FISH with the H3
histone probe revealed multiple hybridization signals, indicating
that clusters of the H3 histone genes are dispersed on all chromo-
somes (Figs. 4C–4I). These signals were well observed in mito-
tic metaphase nuclei (Figs. 4C and 4G) and meiotic cells with
more loose chromosomes during prophase I (Figs. 4, 4D–4F,
4H, 4I). In all individuals, H3 gene signals were detected on
all autosomes and the X chromosome. In the ZŠ population,
there were also signals on the B chromosomes, but they were

Figure 1. Two mitotic metaphases (left panel) and karyotypes (right panel) of Acanthocephalus anguillae males. A HN population, B OL
population, C ZŠ population, D ZŠ population showing a B chromosome (arrowhead). Note a weakly stained region on X chromosomes in HN
and OL population (arrow). Bar = 5 lm.
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much weaker and not always present or possibly not constantly
detectable, probably because of the smaller size of the H3 his-
tone gene clusters.

CMA3/Methyl Green staining, revealing the presence of
GC-rich heterochromatin blocks, showed positive signals in
the terminal – telomeric regions on all chromosomes in each
of the three populations examined (Fig. 5). The B chromosome
also carried small GC-rich blocks at the chromosome ends
(Figs. 5C and 5D).

Discussion

The low chromosome number in Acanthocephala, the pres-
ence of sex chromosomes and, as shown in our work, easy and
clear mitotic and meiotic chromosome spreads with the possi-
bility to study the exact chromosome morphology, make this
group of intestinal parasites very interesting for cytogenetic
studies of karyotype evolution. In addition, the obtained
karyological data can also be helpful in solving taxonomic

Table 1. Measurement (mean � SD) and classification of chromosomes in males of Acanthocephalus anguillae.

Chromosome number Absolute length
(mean � SDa) (lm)

Relative length
(mean � SD) (%)

Centromeric index
(mean � SD)

Classificationb

1 Hnilec (HN) 5.33 � 0.22 32.64 � 1.32 45.55 � 1.09 m
Olšava (OL) 5.23 � 0.11 31.03 � 0.92 44.84 � 0.92 m
ZŠ 5.78 � 0.16 32.63 � 0.93 47.12 � 0.94 m

2 Hnilec 4.72 � 0.21 28.87 � 1.29 40.27 � 1.19 m-sm
Olšava 4.75 � 0.17 28.20 � 1.01 39.20 � 1.32 m-sm
ZŠ 5.07 � 0.14 28.61 � 0.81 39.97 � 0.96 m-sm

3 Hnilec 3.00 � 0.14 18.37 � 0.83 19.24 � 2.04 a
Olšava 3.05 � 0.18 18.10 � 1.09 24.60 � 0.58 a
ZŠ 3.44 � 0.07 19.40 � 0.39 24.35 � 1.17 a

X Hnilec 3.29 � 0.14 20.13 � 1.12 9.41 � 1.79 a
Olšava 3.82 � 0.16 22.68 � 0.94 9.80 � 1.21 a
ZŠ 3.43 � 0.20 19.37 � 1.12 14.67 � 1.71 a

Study site: HN – Hnilec River, OL – Olšava River, ZŠ – Zemplínska Šírava reservoir.
a Mean absolute lengths were calculated from 10 best mitotic metaphase for each A. anguillae population.
b Classification according to Dos Santos Guerra [17], a – acrocentric; m – metacentric, sm – submetacentric chromosome pair, m-sm – was
used when the centromeric index reached the threshold value for the type of morphological determination of the chromosome.

Figure 2. Meiotic divisions of spermatocytes of Acanthocephalus anguillae stained with Giemsa. A Zygotene. B Pachytene. C Early
diplotene with three chiasmata in the longest bivalent (arrows), representing the largest chromosome pair No. 1. D Late diplotene, two cells.
EMetaphase I bivalents, more cells. F Late metaphase II. G Pachytene nucleus with one B chromosome (ZŠ population). H Diplotene nucleus
with one B chromosome (ZŠ population). Asterisks indicate the X chromosome; arrowheads in G, H indicate the B chromosome.
Bar = 10 lm.
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problems, which is of great importance for this group of
parasites.

To date, our knowledge of acanthocephalan chromosomes
is limited to 13 studied species, including the first karyotype
description of A. anguillae in this paper. Detailed descriptions
of the chromosome complement are known for eight species,
and only information on chromosome number is available
for the other five (see Supplementary Table S1 for details).
Acanthocephalus anguillae belongs to the order Echi-
norhynchida, which is the best studied of the Acanthocephala
with nine species examined cytogenetically. Based on the very
limited data available, at least one karyological feature of
the order Echinorhynchida is evident, namely the small and
stable number of chromosomes (2n = 7/8). The karyotypes of
Echinorhynchus gadi Zoega in Müller, 1776 and A. ranae were
described with twice as many chromosomes, i.e., with 2n = 16,
but no information on sex and karyotype structure was pro-
vided. However, it should be emphasized here that these data

are from Hamann’s first records of 1891 [24] and were merely
adopted by Walton [77]. It is likely that chromosome numbers
evaluated in early studies of chromosomes on squash prepara-
tions were incorrectly estimated, e.g., by counting together
the chromosomes of two adjacent cells, although the whole-
genome duplication cannot be completely ruled out [59, 80].
The later study of A. ranae [29] reported a diploid number of
2n = 8 in females. A different diploid number, n = 5/6, was
reported only for Leptorhynchoides thecatus (Linton, 1891)
[5], while the closely related L. plagicephalus (Westrumb,
1821) has 2n = 7/8 [19].

The karyotypes of A. anguillae from three distant Slovak
localities showed the same number of 2n = 7/8, confirming
the assumption of a stable low chromosome number in the
order Echinorhynchida, in contrast to higher modal chromo-
some numbers in other groups of parasitic worms, such as
2n = 14 in the Monogenea [35] and 2n = 28 in the Cestoda
and the Trematoda [48, 70]. An identically low diploid number

Figure 3. FISH with the 18S rDNA probe (red) on chromosomes of Acanthocephalus anguillae males from HN and OL rivers. A Mitotic
metaphase (HN). B, C Mitotic metaphases (OL). D Interphase nucleus. E Pachytene (HN). F Zygotene and G pachytene bivalents showing
clusters of interstitial 18S rDNA signals associated with DAPI-positive heterochromatic blocks (OL). H Diplotene (HN). I Diplotene/
diakinesis with already separated bivalents No. 2 and J early anaphase with the largest bivalents almost separated (OL). K Metaphase I (HN).
L Metaphase II (OL). Note the larger signals of the 18S rDNA probe on a homologous chromosome of pair No. 1 in the OL population,
indicated by arrows. Asterisks indicate the X chromosome. Chromosomes were counterstained with DAPI. Bar = 10 lm.
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Figure 4. Distribution of heterochromatin after DAPI-staining (blue; ZŠ population) (A–B), two-color FISH with 18S rDNA (green) and H3
histone (red) probes on chromosomes of Acanthocephalus anguillae males from the ZŠ population (C–F) and FISH with H3 histone probe
(red) on chromosomes of A. anguillae males from the HN population (G–I). A Mitotic metaphase with B chromosome and B two anaphase
nuclei, left with and right without B chromosome. C Mitotic metaphase. D Two pachytene nuclei, the left with nucleolus residue (N).
E Diplotene. F Pachytene with B chromosome. G Mitotic metaphase. H Pachytene. I Diplotene. Arrows indicate the B chromosome and
asterisks indicate the X chromosome. Bar = 10 lm.

Figure 5. Chromosomes of Acanthocephalus anguillae males stained with chromomycin A3/Methyl Green. A Late mitotic metaphase (HN
population). B Merged chromomycin A3/DAPI image of a diplotene nucleus (OL population). C, D Diplotene nuclei with B chromosome (ZŠ
population). Arrows indicate the B chromosome and asterisks the X chromosome. Bar = 10 lm.
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was observed in the congeneric species A. lucii in two geo-
graphically distant populations, one from Bulgaria and one
from Slovakia [42, 68]. In all studied populations of A. lucii
and A. anguillae, the particular karyotype characteristics
(chromosome and relative length) of the corresponding chromo-
some pairs and TCL differ slightly, which we associate with the
different degree of chromosome spiralization on the evaluated
metaphase plates. Chromosome length and TCL are important
karyotype characteristics but should be compared with caution.
Chromosomes of A. lucii were classified as submetacentric and
subtelocentric according to the system of Levan et al. [36],
which based on CI values [42, 68] corresponds to submetacen-
tric and acrocentric chromosomes according to the nomencla-
ture [17] used in our study. Obvious interspecific and also
interpopulation karyotype variations were observed in the
morphology of the third chromosome pair, which is submeta-
centric in A. lucii from Slovakia [68], while it is acrocentric
(subtelocentric) in A. lucii from Bulgaria [42] and A. anguillae
in our study. Thus, the chromosome sets of A. anguillae (this
study) and the A. lucii population from Bulgaria appear to be
closer. Given the great similarities between the karyotypes of
these two species with the same chromosome number, the
simplest and most reasonable assumption is that the shape of
chromosome No. 3 has been altered by small intrachromosomal
rearrangements, the pericentric inversion. This type of chromo-
some rearrangement has also been proposed as a differentiation
mechanism in other parasite groups such as trematodes and ces-
todes [27, 46]. In the third thoroughly studied species of this
genus, A. ranae, the same diploid number 2n = 8, but only
one type of chromosome shape, all metacentric, was docu-
mented in the female specimens [29]. Chromosome lengths
are not listed. In this early work, the male sex chromosome
system was determined to be heterogametic (XY) and the
female homogametic (XX). However, based on the published
images and their evaluation from today’s perspective and
knowledge, the sex system was incorrectly determined and
the chromosomal morphology is highly questionable and needs
to be reevaluated using current methods.

Evolutionary changes in the karyotype, such as chromoso-
mal rearrangements and polyploidy, support genetic differenti-
ation of organisms [33]. Pericentric inversion involved in the
evolution of chromosome No. 2 has contributed to the diversi-
fication of the closely related and morphologically very similar
acanthocephalan species Pomphorhynchus tereticollis and
P. laevis [3]. Two different rDNA clusters were found in these
species, located on the two largest chromosome pairs. Their
karyotypes differ in the position of the nucleolus organizer
region (NOR) and also in the position of the centromere on
chromosome pair number 2. Two successive pericentric inver-
sions, one shifting the position of the NOR and the next shifting
the centromere, have been proposed as a hypothetical scenario
for chromosome rearrangement (see Figure 5 in [3]). These two
Pomphorhynchus species, which belong to the family Pom-
phorhynchidae, are all Acanthocephala species that have been
studied so far using FISH. In the family Echinorhynchidae,
the present study demonstrated that specimens of A. anguillae
have three rRNA gene clusters per haploid genome, located
interstitially, near the centromere on the first two chromosome
pairs. Thus, A. anguillae has the same chromosome number

(2n = 7/8) and also the interstitial placement of the 18S loci
on the first two autosomes, but one locus more in contrast to
the Pomphorhynchus species. The rDNA sequences are con-
served, but their chromosomal distribution is a source of species
differentiation [57, 63]. It is known that rDNA can spread
between or within the chromosome and that the increase or
decrease of the number of rDNA sites can be caused by
retroelement-mediated rDNA transpositions [64] and by chro-
mosomal rearrangements such as inversion or translocation.
The fragmentary information does not allow us to speculate
whether and what changes in the number and chromosomal
positions of the NORs have occurred. Very cautiously, it could
be said that Echinorhynchida species have a preference for
interstitial, autosomal rRNA gene positioning. However, the
different patterns on the chromosome in only three acantho-
cephalan species studied could indicate frequent changes in
chromosomal rDNA distribution and a possible importance of
rDNAs in genome specification. We also obtained the first
FISH data on the distribution of H3 histone genes in Acantho-
cephala. In contrast to the 18S rDNA, FISH with the H3
histone probe revealed a scattered pattern of this sequence in
the genomes of two A. anguillae populations, as we detected
scattered signals in all chromosomes (with even more clusters
on individual chromosomes), including the sex chromosomes
and, interestingly, in the ZŠ population also the B chromo-
somes. Although histone genes are typically organized in clus-
ters, exceptions exist. For example, in fish species Characidium
zebra and C. gomesi, the histones H1 and H4 are dispersed
throughout the genome and are associated with mobile
elements, although the role of mobile element as the dispersing
force has not been proven [55]. Similarly, in the spot-legged
wood turtle (Rhinoclemmys punctularia), the H3 genes are
organized both in large clusters and scattered copies and
contain an integrated part of the Gypsy element [13]. In seven
Paradontidae species, it has been shown that H1 genes are
scattered, while H4 genes form large clusters. Interestingly,
the H1 genes were associated with a mobile element, but the
H4 genes were not [74]. These data suggest that the mobile
elements may be the evolutionary force which distributed the
genes throughout the genome. In this work, we isolated a frag-
ment of histone H3 gene with no adjacent sequence of a mobile
element, but its presence is possible in flanking regions of this
fragment. Therefore, reconstruction of entire region is needed to
elucidate the mechanism responsible for histone gene
spreading.

B chromosomes

The most striking difference between the three studied
Slovak populations of A. anguillae is the presence of a supernu-
merary B chromosome in the ZŠ population, while it is absent
in the other two populations. B chromosomes were also
observed in the Slovak A. lucii population, which is the main
difference between the Slovak and Bulgarian worms, along
with the morphology of chromosome No. 3. In both species,
the B chromosomes were always the smallest in complement,
but differed in their morphology, which was acrocentric in
A. anguillae, but metacentric in A. lucii. Their number varied
from one to five in the karyotype of A. lucii, with 85% of the
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worms examined having them [68]. In the karyotype of
A. anguillae, the occurrence was less frequent and only in the
ZŠ population, reaching 34%. In both species, the B chromo-
somes did not pair with any of the A chromosomes.

The B chromosomes are known to be non-essential supernu-
merary elements present in thousands of plant, animal, and fun-
gal species [32] and have also been described in some digenean
parasites [21, 69]. Comparison of their molecular composition
has shown that most DNA sequences found on B chromosomes
are also present on A chromosomes [12], and although mainly
repetitive DNA is found on them [8], protein-coding genes have
also been discovered [39]. Widely accepted pathways by which
B chromosomes arise include intraspecific derivation from the A
chromosomes (autosomes or sex chromosomes) or interspecific
hybridization [11]. In addition, however, by-products of struc-
tural chromosome rearrangements could also be candidates for
their origin. The scenario that B chromosomes arose from chro-
mosome rearrangements followed by amplification of DNA
sequences has been proposed for some plant species as the result
of allopolyploidization [15, 31]. A similar scenario, the origin
of B chromosomes due to chromosome breaks but due to envi-
ronmental pollution, has been proposed in studies of cichlids
[18, 51]. Pollution usually has obvious and severe negative
effects on chromosomes. A pilot study on the effects of water
pollution in Zemplínska Šírava on the chromosomes of the par-
asite Caryophyllaeus laticeps clearly shows this effect [46]. An
increased incidence of chromosomal aberrations was observed,
although no B chromosomes were detected in this species.
However, the chromosomes of A. anguillae are quite small
and their morphology in specimens from Zemplínska Šírava
was strange, possibly affected by contamination, so the evalua-
tion of chromosomal aberrations was not possible. The present
work provides the second evidence for the presence of B
chromosomes in the species of the genus Acanthocephalus orig-
inating from heavily polluted sites (cf. [68]), whereas no B chro-
mosomes were detected in the karyological analysis of these
species from unpolluted sites. Mutagenic heavy metals and
PCBs in the aquatic environment could be the culprits. There-
fore, it is likely that induced breaks in the A chromosomes could
generate chromosome fragments or DNA sequences that have
the potential to form B chromosomes. The well-known bioaccu-
mulation ability of multicellular intestinal parasites of fish, espe-
cially acanthocephalan worms, which are able to accumulate
significantly higher amounts of heavy metals and PCBs
compared to their hosts [7, 40, 66, 75], could facilitate the
karyological changes in A. anguillae. A possible link between
unfavorable environmental conditions and the presence of muta-
genic pollutants and the occurrence of B chromosomes was also
noted by Špakulová et al. [68] in the population of A. lucii
from the heavily polluted Ružín reservoir in eastern Slovakia
and for some digenean flukes [2].

B chromosomes are typically completely or partially hete-
rochromatic [15]. Our results show that the B chromosome
in A. anguillae has a low enrichment of CMA3/DAPI hete-
rochromatin, with A + T-rich heterochromatin concentrated in
C-positive regions and a very small but detectable amount of
G + C-rich heterochromatin restricted to telomeric regions.
Chromosomal mapping of multigene families (18S rDNA,
5S rDNA, histone H3 genes or U1/U2 snDNA) provided

remarkable information about the possible autosomal origin/
evolution of B chromosomes due to their common location in
B and A chromosomes [8, 43, 72]. Our results showed the
presence of histone H3 genes on the B chromosome, but also
the distribution of H3 histone sequences on all autosomes and
the X chromosome, so these sequences, as well as the mapping
of the 18 s rDNA probe, are not informative in the case of
A. anguillae. The fact that this B chromosome does not show
strong heterochromatization may indicate its recent origin.

Our study is only the second work to provide information
on the number and location of rRNA genes, and the first on
histone H3 genes throughout the phylum Acanthocephala.
Chromosomal changes/rearrangements may be crucial for the
speciation process. As the case of the Pomphorhynchus species
shows, speciation was triggered by geographic factors and rein-
forced by chromosomal rearrangements – pericentric inversion.
FISH with the 18S rDNA probe looks particularly promising,
although it is not sufficient on its own. H3 histone genes are
scattered in the species we studied, but this does not necessarily
mean that this is the case in other acanthocephalan species.
Therefore, comparative chromosome research, including basic
karyotype analyses, mapping of genes and repetitive sequences
is needed in a variety of acanthocephalan species. In addition,
there are still many unresolved problems in phylogeny and
taxonomy at the family and genus levels, and karyological anal-
ysis can help clarify some of these problems. This study also
provided new information on the presence of B chromosomes
in the genus Acanthocephalus, possibly related to the long-term
PCB contamination of the Zemplínska Šírava waters.
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